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ABSTRACT
EVALUATION OF ACCURACY OF STATIC COMPUTER-GUIDED IMPLANT PLACEMENT
COMPARED WITH PARTIALLY-GUIDED OR FREE-HAND PLACEMENT

Laxmi Sukhtankar B.D.S, M.D.S
Marquette University, 2019
Purpose: To evaluate precision and trueness of static computer-assisted implant
surgery (sCAIS) in comparison with partially-guided and free-hand implant placement in
vitro.
Materials & Methods: The study was conducted on one hundred mandible
replicas obtained from a cone beam computer tomography of a partially edentulous
case for implant placement in mandibular right first molar site. First, the fully guided
implant placement with different sleeve to bone distances (2mm = H2, 4mm = H4, 6mm
= H6) was determined. Second, fully guided implant placement was compared with
partially guided, and free implant placement. The achieved implant position was
digitized and compared with the planned position. The study followed the
recommendation of the ISO 5725-1, where trueness is defined as the distance to the
reference value and precision is defined as degree to which repeated measurements
show the same result under unchanged conditions. The three-dimensional (3D)
deviation at the crest was the primary outcome parameter. Twenty implants were
placed in each group. ANOVA and Scheffe’s post-hoc comparison were used for
statistical analysis. Statistical significance was set as p<0.05.
Results: The mean 3D deviation at the crest from the reference value (trueness)
for the H2-group was 0.22±0.07mm, for H4 was 0.45±0.16mm, and for H6 was
0.43±0.15mm. The values for H4 and H6 were significantly higher (p<0.05) than for H2.
The H2 group showed the highest trueness and precision. No statistical difference with
respect to precision was detectable between the H4 and H6 groups (p>0.05). The mean
3D-deviation at the crest was 0.69±0.15mm for partially-guided, and 0.80±0.35mm for
free-hand placement. Fully-guided placed implants showed also the highest precision
(distance of implants among each other) with 0.08±0.07mm for the 3D-deviation,
followed by partially-guided (0.18±0.15mm), and free-hand placement (0.42±0.28 mm).
Conclusion: Static computer-assisted implant surgery (fully guided approach) is
more accurate and precise than partially guided and free hand implant placement.
Sleeve heights of 2 mm or 4 mm should be preferred. The close to the bone the more
accurate and precise. Partially guided implant surgery was significantly better than free
hand placement. Free hand was not precise and not accurate.
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CHAPTER 1

INTRODUCTION
A widely used treatment option for edentulous and partially edentulous patients are
dental supported oral restorations (Widmann et al. 2006). All implant-supported
restorations rely on a successful osseointegration as the crucial component, while
optimal implant placement is critical to the esthetic and functional success of such
restorations (Geng et al. 2015). As dental implants represent an established treatment
option in dentistry, its use has widely increased even in difficult and complex cases with
limited bone volume and quality (Vasak et al. 2011).
The primary objectives of implant therapy are two- fold: first, to achieve successful
treatment outcomes from a functional, esthetic and phonetic point of view with high
predictability and good long-term stability; and, second, to have a low risk of
complications during healing and during the follow-up period (Buser D. et al. 2017). The
secondary objectives of implant therapy include the fewest possible number of surgical
interventions, low pain and morbidity during healing, short healing periods, short overall
treatment time and acceptable good-effectiveness. Recently, there is a great amount of
attention given to malpositioning of implants that can influence long term implant
maintenance that affects esthetic outcomes and patient satisfaction. Tissue deficiencies
at malpositioned implant sites are common clinical findings (Buser D. et al. 2017).
Dental implants need to be placed in a position amenable to prosthetic reconstruction.
It is crucial to plan implants in a position that would result in appropriate emergence
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profiles of the restoration thereby achieving proper soft tissue form and symmetry
(Evan et al. 2008).
Dental implants have proven to be reliable with good long-term results. However, there
are key points that make implants reliable. Firstly, the clinical outcome and long-term
prognosis largely depend on the stable and firm fixation of dental implants in the bone.
Secondly, the implant must not damage neighboring anatomic structures. Vulnerable
structures such as the mandibular canal and the symphyseal region with its concavities
can compromise the treatment outcome. Thirdly, the position of the implant has to be
compatible with the intended prosthodontic rehabilitation. Otherwise, the functional or
aesthetic result might be less than optimal (Brief et al. 2005).
A variety of challenges are encountered during the placement of dental implants such as
patient movement, limited surgery time related to the use of local anesthesia, a
restricted visualization of the operation field, and mental transfer of two-dimensional
radiographs (used preoperatively) to the three-dimensional surgical environment. The
later includes aspects such as esthetics, biomechanics and functional constraints of the
prosthetic treatment (Vercruyssen et al. 2014). Therefore, the surgeon must take
numerous decisions while treating a conscious patient under aseptic conditions during a
limited time span and with a restricted view (Vercruyssen et al 2014). To accomplish
this, a thorough preoperative planning of the number of implants to be placed and their
size, position and inclination, will help concentrate the surgeon on the patient and on
tissue handling. For this reason, presurgical planning is essential to achieve excellent
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esthetic and functional outcomes as well as to minimize the operative risks associated
with dental implants (Vercruyssen et al. 2014).
Three-dimensional imaging (showing the alveolar bone in relation to the ideal tooth
position), obtainable with relative low radiation dosages especially when CBCT are used
in combination with planning software opened the possibility for preoperative planning
and proper communication among the patient, the surgeon and the prosthodontist (Van
Assche et al. 2012).
The protocol involves several steps including a radiographic template, scanning
procedure, planning, and surgery (with or without a surgical template). The accuracy at
the end is the overall deviation from the start until placement of the implants. Mistakes
can occur at each individual step and can accumulate. Therefore, it is crucial to
understand the significance of each step, and especially to realize the magnitude of the
cumulated inaccuracy. The latter is important not only to prevent damage of vital
structures, but also to keep the implants within the bony envelop and specially to
prevent adverse events (Van Assche et al. 2012).
Preoperative planning includes study casts, wax-ups, panoramic X-rays or cone beam
computed tomography scans. (Naziri et al. 2016). The information gained from these
diagnostic tools allows detailed evaluation of the alveolar bone in three dimensions and
facilitates the determination of optimal number and position of dental implants.
Recently, the trend is shifted from free handed implant placement to placing implants in
precise position using surgical guides. In general, there are two ways to manufacture
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surgical guides. The first option is to fabricate the template manually on the patient’s
dental cast. The second is to use rapid prototyping technology following computer-aided
design (Naziri et al. 2016).
A correct, prosthetically driven, 3D positioning of the implant fixture is believed to play a
crucial role for a successful treatment outcome of implant-supported prostheses. Static
computer assisted implant surgeries (sCAIS), when properly planned and executed, can
result in a more accurate implant positioning than free handed surgeries and might
prevent malpositioning of implants that can influence long term implant maintenance in
terms of esthetic outcomes and surgical and prosthetic complications (Kholy et al.
2018).
In the past, implant surgical guides have been prepared on models, which are separate
from the computed tomography (CT) data and which have been used only as a position
indicator for reference of the placement position during the surgery, thereby providing
surgical information only on placement position. This technique has the limitation of not
providing information on placement depth. However, with the development of novel
computer guided software, surgical guides can be prepared by the direct utilization of
the CT data. Therefore, it is possible to prepare 3D printed surgical guides that can place
an implant at the planned position and depth prior to surgery (D’Haese et al. 2017).
The primary requirement for fabricating computer guided surgical guide is to acquire a
3D data set of CBCT and patient models. This data is then imported into a planning
software and virtual implant planning can be performed. Thus, this surgical guide or
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template in the form of a drilling and implant insertion guide represents the link
between virtual planning and surgical reality (Park et al. 2009).
Two different techniques have been developed for computer-assisted surgery, which
can be performed using (a) a static surgical template that reproduces the virtual implant
position directly from CT data and does not allow for intraoperative modification of the
implant position or (b) a surgical navigation system (dynamic guide) that reproduces the
virtual implant position directly from CT data and allows for intraoperative changes in
implant position. Computer- aided rapid prototyping of surgical guides apparently
transfers the 3-dimensional image accurately to the surgical site, translating a
sophisticated plan to the surgical field. (Park et al. 2009).
Although cone beam computed tomography (CBCT) combined with computer-aided
design (CAD) can assist in diagnosing problems and predicting rehabilitative effects,
there are also difficulties in transferring the treatment plan to the surgical procedure
(Kholy et al 2018). Recently, with the development of the RP technique, the implant
surgical guide template has become more and more popular in the clinic, as it can solve
this problem and simplify the surgical steps. Thus, this digital guide template seems to
express great potential for accuracy and simplification. However, it is not completely
clear whether the surgical template can increase the accuracy of the implant positioning
(Ganz et al. 2015).
Much research has been done to verify the accuracy of these guided methods compared
to free-hand methods, but little to no work has been done to show their reliability, that
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is the ability to perform the same operation in equal scenarios repeatedly. Implant
surgery inherently only allows one attempt in placing an implant, such that an operator
cannot repeat the operation numerous times under the same circumstances to
determine reliability. We propose a method to overcome this challenge, we hypothesize
that static computer-assisted implant surgery is an accurate and precise procedure.
Only few studies have assessed the trueness and precision of implant placement using
templates fabricated on dental casts based on computer-assisted implant planning
(Naziri et al. 2016). However, there is lack of data on assessment of reliability of 3D
printed surgical guides for virtually planed implant placement (Park et al. 2009). A
validation, that includes the assessment of reliability of the 3D-virtual treatment
planning for guided implant placement is necessary to assure predictable and safe
treatment outcomes. Therefore, the purpose of the study is to assess the precision and
trueness of 3D printed surgical guides for virtually planed implant placement, to
evaluate the effect of guided sleeve height on the accuracy of static computer assisted
implant surgery and to compare the accuracy between fully guided, partially guided and
free hand approach.
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CHAPTER 2

REVIEW OF THE LITERATURE

Dental implants have contributed considerably to the rehabilitation of edentulous and
partially edentulous patients in modern dentistry. With increasing patient esthetic
concerns and the considerations required for implant location in relation to the bone
and soft tissue, treatment planning for ideal implant placement is of the utmost
importance. Therefore, many clinicians have shifted to the use of CBCT. CBCT eliminates
some of the limitations associated with panoramic radiographs and is recommended as
the best method for obtaining necessary information Bell (2018).
A broad view to etiological factors that affect the life of an implant include: 1) systemic
diseases and conditions of the patients; 2) systemic medications; 3) processes of tissue
healing; 4) tissue turnover and tissue response to clinical interventions; 5) trauma to
orofacial structures; 6) local diseases affecting the teeth, the periodontium, the bone
and the mucosa; 7) biomechanical factors; 8) tissue morphology and tissue phenotype;
and 9) iatrogenic factors. Bell (2018)
Hämmerle &Tarnow (2017) described in a narrative review that the most common
pathological clinical findings at dental implants are hard and soft tissue deficiencies.
These defects can be caused due to number of reasons: (a) hard-tissue defects at
implant sites encompass intra-alveolar, dehiscence, fenestration, horizontal ridge, and
vertical ridge defects and (b) soft-tissue defects include volume and quality deficiencies,
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i.e. lack of keratinized tissue. These deficiencies can cause complications like increase in
marginal bone loss, soft-tissue inflammation, and soft-tissue recession. Treatment of
tissue deficiencies is a challenge and can risk implant survival. Among all the etiologies,
incorrect positioning or malpositioning of implant has currently the most attention.
According to D’haese et al. (2017), correct implant positioning is a prerequisite for
favorable esthetic and prosthetic outcomes, long-term stability of peri-implant hard and
soft tissues as a result of good accessibility for oral hygiene and the potential to ensure
optimal occlusion and implant loading. A correct, prosthetically driven, threedimensional (3D) positioning of the implant fixture is of paramount importance for a
successful treatment outcome of implant-supported prostheses. In addition, correct
positioning of the implant enables the final prostheses to be optimally designed and
makes it possible to devise and fabricate retrievable screw retained supra structures,
thereby avoiding non-retrievable cemented restorations. They classified the surgical
guides into four categories: (1) Tooth-supported surgical guides: the surgical guide that
gets support from the remaining teeth. (2) Mucosa-supported surgical guides: the
surgical guide is positioned on top of the mucosa. This is mostly used in fully edentulous
patients. (3) Bone-supported surgical guide: the surgical guide is placed on the bone
after opening a mucoperiosteal flap. Applicable in patients in whom more extensive
(bone) surgery is required. (4) Special supported, (mini) implant, pin-supported surgical
guides: the surgical guide is attached to implants inserted before or during the actual
implant surgery.
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One possible solution that may facilitate a more correct implant positioning is guided
implant surgery (Kholy et al. 2018). With proper planning and execution computer
assisted implant surgeries can help in accurate implant positioning than free handed
surgeries. The surgical template can provide for control of the position and the depth,
which is necessary to fabricate an immediate or delayed restoration based on the plan.
Surgical guides can be defined as appliances that are computer designed and are made
of an acrylic resin by a process called stereolithography (Mora et al. 2014). The surgical
guides contain steel sleeves with a predefined diameter to guide the drills during the
osteotomy process (Mora et al. 2014) classified surgical guides based on its (1) support:
bone-, tissue-, or tooth-supported or (2) its fixation (fixation pins), and (3) based on the
performed drilling sequence (fully-guided versus partially-guided osteotomy protocols).
Tooth- or bone-supported surgical guides are more accurate than tissue- supported
guides. Bone-supported guides offer the best accuracy because of the decreased
distance between the guide sleeve and the entry point, but they do require an open flap
approach. Fully guided protocols display less accuracy errors than partially guided
protocols.
Another classification was recently suggested by Younes et al. (2018), who differentiates
two types of guided implant surgery protocols: (1) static and (2) dynamic guidance. The
static approach refers to the use of a static surgical template. This reproduces the virtual
implant position directly from computerized tomographic data to a surgical guide, which
does not allow intra-operative modification of the implant position. With the static
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systems, the planned implant location is usually transferred to the surgical template by
a specially designed drilling machine (CAD/CAM) or stereolithography (3D printing). The
first dynamic guided surgery systems were introduced to the field of implant dentistry at
the beginning of the year 2000. The dynamic approach, also called navigation, refers to
the use of a surgical navigation system that reproduces the virtual implant position
directly from computerized tomographic data and allows intra-operative changes of the
implant position. These systems are based on motion- tracking technology that allows
real-time tracking of the dental drill and the patient throughout the entire surgery.
Vercruyssen et al. (2014) discussed different techniques of static/dynamic guided
implant surgery with modalities and indications. He illustrated the work flow involved in
guided surgery as shown in Figure 1:

Fig. 1: Workflow of static and dynamic guidance (modified from Vercruyssen 2014)
Cone beam computer tomography (CBCT) is advantageous in dentistry as it helps to
acquire detailed volumetric image data of the maxillofacial region for diagnostic and
presurgical planning purposes (Bornstein et al. 2017). Optimal implant planning includes
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information of bone volume, structure and density; topography and the relationship to
important anatomic structures, such as nerves, vessels, roots, nasal floor and sinus
cavities; and any clinically relevant pathology.
The European Association for Osseointegration (Harris et al. 2012) has made the
following specific recommendations for the use of preoperative cross-sectional imaging
(including cone beam computed tomography): (1) when clinical examination and
conventional radiography fail to adequately demonstrate relevant anatomic boundaries
or the location of important anatomic structures, (2) when imaging is deemed
appropriate in cases where extensive bone augmentation is anticipated, (3) for all sinus
floor elevation procedures, (4) for all guided implant surgery (computer-assisted
planning and placement of dental implants) cases, (5) when further information
regarding intraoral autogenous bone donor sites is needed, and (6) when planning the
use of special surgical techniques, such as zygomatic implants or osteogenic distraction.

Computed tomography uses a cone- or a pyramid-shaped X-ray beam, along with a twodimensional detector array, to scan an entire volume in one rotation (Jacobs et al.
2014). Cone beam computed tomography beam not only allows an entire volume to be
scanned in one single rotation, with a reduced X-ray tube power, whilst using a flat twodimensional image receptor. But it often also allows a change in exposure parameters,
such as mAs, kV, voxel-size and number of frames. However, most dentists are still
unaware of the respective effects of these changes. The NewTom 9000 (QR, Verona,
Italy) was the first cone beam computed tomography machine to be designed for use in

12

a dental practice (Jacobs et al. 2014).

Cone beam computed tomography images are generally considered to be of high
resolution. The voxel sizes of reconstructed cone beam computed tomography data
sets, representing the upper limit of the actual resolution, range from 0.08 to 0.40 mm,
and preliminary studies have pointed out that the sharpness of cone beam computed
tomography can be superior to that of multislice computed tomography.

Guerrero et al. (2014) indicated that cone beam computed tomography based
preoperative implant planning has higher level of prediction and agreement compared
with the panoramic-based surgery which has a poor level of prediction. In this case
series of inferior alveolar nerve injuries, the authors were able to evaluate the trauma
using cone beam computed tomography imaging and they distinguished implant
impingement, penetration and even complete obliteration of the canal.
In an in vitro study comparing periapical radiographs, panoramic views, cone beam
computed tomography and computed tomography scanning, cone beam computed
tomography showed the best image quality and was able to pinpoint peri-implant bone
defects in all three planes, true to scale, and without distortion (Mengel & Kruse B
2006).
Digital Imaging and Communication in Medicine (DICOM) was originally developed by
the National Electrical Manufacturers Association and the American College of Radiology
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to create a worldwide norm for digital image acquisition, storage and display in
medicine, and also to have a standardized method for the transmission of medical
images and their associated information (Mora et al. 2014). ‘Digitization’ is increasingly
widespread in dental medicine in terms of radiographic image acquisition (twodimensional and three-dimensional), optical surface scanning (intra- and extraoral),
computer-aided design/computer-aided manufacturing systems and the electronic
charting of patient records (Boyce et al. 2015).
Another reason for the growing use of cone beam computed tomography scanning is
the increasing popularity of computer-guided surgery that relies on digital planning
based on high-quality cone beam computed tomography images, but may also include
the superimposition of intraoral scans and extraoral face scans to create a threedimensional virtual dental patient.
Mora et al. (2014) discussed in a systematic review the tools that are essential for dental
implant guided surgery like CBCT, surgical planning software, a radiographic guide to
transfer the prosthetic outcome to the planning software, and the surgical guide itself.
They discussed not only the entire implant-guided surgery planning process, but were
also pointing out potential errors, e.g. error in image acquisition, errors in orientation
and cross-sectional principles, errors in surgical guide manufacturing, type of surgical
guide support or guide fixation, full versus partial guidance during the osteotomy
preparation, full versus partial guidance during implant placement that could hamper
the clinical accuracy outcomes.
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Therefore, the implant planning software plays a crucial role for qualitative diagnostics
and planning as it eventually directly translates to the outcome of the implant surgery
and the final implant position.

There are numerous third-party implant planning software programs such as for example:
1.

Simplant (Materialise Dental Inc, Glen Burnie, MD, USA)

2.

Invivo5 (Anatomage, San Jose, CA, USA)

3.

NobelClinician (Nobel Biocare, Goteborg, Sweden)

4.

coDiagnostiX (Dental Wings Inc, Montreal, Canada)

5.

Blue Sky Plan (BlueSkyBio, LLC, Grayslake, IL, USA)

6.

Virtual Implant Placement software (BioHorizons, Inc, Birmingham, AL, USA)

7.

Galileos system (Sirona Dental Systems, Inc, Charlotte, NC, USA)

8.

OnDemand3D (Cybermed Inc, Seoul, Korea)

9.

TxSTUDIO software (Imaging Sciences International LLC, Hatfield, PA)

10.

Implant studio (3shape, Copenhagen, Denmark)

Naziri et al. (2016) assessed the accuracy of computer-assisted implant insertion based
on computed tomography and template-guided implant placement. 246 implants were
placed with the aid of 3D-based transfer templates in 181 consecutive partially
edentulous patients. Five groups were formed on the basis of different implant systems,
surgical protocols and guide sleeves. After virtual implant planning with the
CoDiagnostiX Software, surgical guides were fabricated in a dental laboratory. After
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implant insertion, the actual implant position was registered intraoperatively and
transferred to a model cast. The median deviation between preoperative plan and
postoperative implant position was 1.0 mm at the implant shoulder and 1.4 mm at the
implant apex. The median angular deviation was 3.6 degree. The computer-assisted
implant insertion protects the important anatomical structures and aids in accurate
implant placement.
Kholy et al. (2018) evaluated the effect of guided sleeve height, drilling distance, and
guided key height on the accuracy of static Computer-Assisted Implant Surgery (sCAIS).
30 acrylic models were scanned using the 3shape intraoral scanner (3shape,
Copenhagen, Denmark) and a cone-beam computed tomography (J. Morita Corp, Osaka,
Japan) was taken. A digital waxup of the missing teeth and digital treatment planning
including correct 3D implant positioning was then performed on a dedicated software
(coDiagnostiX, Dental Wings Inc, Montreal, Canada) after importing and matching o the
three digitally generated datasets. One investigator performed all the virtual planning of
implant surgeries. Sleeve heights (2 mm, 4 mm, 6 mm) and guided key heights (1 mm
and 3 mm) were randomly assigned to different guided implant preparation protocols.
They concluded that the smaller the drilling distance below the guided sleeve, the
higher is the accuracy of static Computer-Assisted Implant Surgery.
There are multiple studies investigating the accuracy of guided implant surgery. Van
Assche et al. (2007a) conducted a meta-analysis to assess the accuracy of static
computer-guided implant placement. The author defined the accuracy of a guided

16

implant surgery as the deviation between the planned and final position of an implant.
Nineteen studies were included. The average deviation of implants inserted using
guided surgery techniques was: 1.09 mm at entry, a mean deviation of 1.28 mm at the
apex and 3.9° in angulation. The factors that influenced the accuracy of the computerguided approach in a negative way were bone-supported guides, the use of multiple
templates and the lack of guide fixation. The review also illustrated that one has to
accept a certain inaccuracy of up to 2 mm. Therefore, computer-guided implant
placement can be accurate, but significant deviations have to be considered.
Cassetta et al. (2013) evaluated the accuracy of a computer-designed stereolithographic
surgical guide. One hundred eleven implants were placed in 10 patients. Pre- and
postoperative computed tomography images were compared using a specific software.
Global, angular, depth, and lateral deviations were calculated between planned and
placed implants. Mean deviations between planned and placed implants at the coronal
and apical aspects were 1.52 mm (range, 0.13 to 3.00 mm) and 1.97 mm (range, 0.34 to
4.23 mm), respectively, while the mean angular deviation was 4.68 degrees (range, 0.10
to 15.25 degrees). This study highlighted a mean accuracy with relatively high maximum
deviations between the postoperative position and the preoperative plan.

Van Assche et al. (2007b) analyzed the accuracy of guided implant placement using
cone-bean CT scans that were matched with computer-based three-dimensional (3D)
planning. Four formalin-fixed cadaver jaws were imaged with a 3D cone-beam
computed tomography (CT). Data were used to produce an accurate implant planning
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with a transfer to surgery by means of stereolithographic drill guides. 12 implants were
planned for 4 jaws. A vertical stop on the fixture mount allowed them to be placed to a
specific depth. Post-operatively, a CBCT scan, taken by the same 3D CT (J. Morita), was
undertaken to check the position of the implants. The deviation at the entrance point
ranged between 0.3 and 2.3 mm. Comparing the deviation at the tip of the implant, the
length of the implant had to be considered. The deviation ranged between 0.3 and 2.4
mm. The highest values (2.5 mm) were found for two implants with a length of 15 and
11.5 mm. Only one out of 12 implants had a deviation beyond 2.51 mm. The mean
angular deviation was 1.81 degree. This study concluded that cone-beam images could
be used for implant planning, considering a maximal 4 degrees angular and 2.4 mm
linear deviation at the apical tip.
The International Organization for Standardization (ISO) defines accuracy as a product of
trueness (planned vs. actual position) and precision (difference among implants).
Trueness is defined as the distance to reference value. This is often referred as accuracy,
but it needs information about the precision of a method, which is defined as degree to
which repeated measurements show the same result under unchanged conditions (ISO
5725 -1) (Fig.2)
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Fig. 2: Trueness is the
distance
between
reference value and
actual value, while
precision
is
the
distribution of the
actual values (distance
between values).

The determination of accuracy in clinical trials is limited to the assessment of the
trueness of the method. Especially in trials investigating implant protocols, e.g. free
hand versus guided implant placement, the procedure cannot be repeated in the same
patient with the same clinical characteristics. Authors try to bypass this limitation and
refer to the standard deviation as a measure of precision. However, precision as degree
to which repeated measurements show the same results might be best assessed in vitro
studies with replicas of a single standardized clinical situation. Therefore, a study
protocol was developed to measure not only the trueness of an implant placement
method, but also to assess the precision as defined in ISO 5725-1.
Computer-assisted guided implant surgery using a fully-guided approach (full osteotomy
and implant placement using a static surgical guide) was compared with partially-guided
(guide was used for the pilot drill only), and free-hand implant placement (no guide used).

We hypothesized that fully-guided implant placement is more accurate (trueness and
precision) than partially-guided or free-hand implant placement.

19

CHAPTER 3

MATERIALS AND METHODS

Sample preparation
This study was conducted on hundred 3-D printed mandible replicas obtained from
Cone beam computed tomography (CBCT) of a partially edentulous case for virtual
implant placement in mandibular right first molar site. The CBCT was indicated solely
for medical or dental reason and not for research purposes. The local IRB approved the
access of the CBCT (IRB protocol#: HR- 1807025341). The CBCT was used to acquire
three-dimensional image date set (DICOM file) for digital implant planning. Resin based
mandibles models were 3D printed (stereolithography) using the Form 2 printer
(Formlabs Inc. Somerville, MA 02143 USA). All mandible models were produced from
Grey resin version 4 (Formlabs Inc. Somerville, MA 02143 USA) (Fig. 3)

Fig. 3: Mandible models printed based on the DICOM (CBCT) file using Grey resin version
4 (Formlabs Inc. Somerville, MA 02143 USA).
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Study Design
The segmentation of the CBCT data was completed and a digital waxup of the missing
tooth #30 (as per Universal numbering system) and digital treatment planning was carried
out on a software (coDiagnostiX, Dental Wings Inc, Montreal, Canada).
There are several options for the use of static guides that are illustrated in Figure 4.

Fig. 4: Static guides can be used for fully or partially guided implant placement, depending
on the sleeve diameter.
The study had two main parts: (1) The first part compared fully guided implant
placement with different sleeve to bone distances in order to determine the most
accurate and precise method to be used for further comparison in a second part (Fig. 5).
(2) The second part compared fully guided, partially guided, and free implant placement
(Fig. 6).
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Fig. 5: Study part 1 - Placement of Straumann Bone level 4.1x 10 mm implants (each n=20)
through static computer assisted surgical guides with sleeve heights of 2mm, 4mm and 6mm.

Fig. 6: Part 2 - Placement of implants Straumann Bone level 4.1x 10 mm implants (each n
= 20) through static computer assisted surgical guides with a fully guided, partially and
free hand approach.
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Armamentarium:
The instruments used for the surgical part of the study are illustrated in figure 7.

Fig. 7. a. Drill handle cylinder Ø2.2mm: +1mm/+3mm, Ø2.8mm: +1mm/+3mm, Ø3.5mm:
+1mm/+3mm. b. C-handle H2, H4, H6. c. Twist drills – guided - medium and long for Ø2.2mm,
Ø2.8mm, Ø3.5mm. d. Guided profile drill. e. Guided tap. f. Handpiece/ Torque wrench
adapter. g. Screw driver. h. Torque wrench
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Surgical protocol

For the first part of the study surgical guides were planned with different sleeve heights
with 2, 4, or 6 mm distance to the implant platform (coded as group H2, H4, and H6),
respectively with guided key heights (1 mm and 3 mm). The sleeve dimensions selected
for fully-guided placement was 5x5mm (inner diameter x length). Surgical guides were
designed using the same software (coDiagnostiX) and 3D printed using the Form2
printer (Formlabs Inc. Somerville, MA 02143 USA). All guides were produced from
Dental SG resin, a Class I biocompatible resin (1 L RS-F2-DGOR-0, Formlabs
Inc. Somerville, MA 02143 USA). Guides were visually checked for fit and minor
adjustments to the outer surface but not the inside surface of the guide were done to
surgical handpiece access.
The surgical drilling protocols were produced using different combinations of sleeve
heights and depending on fully guided, partially guided and free hand.
For fully guided, the protocol depending on sleeve heights 2mm, 4mm, 6mm was as
follows (Fig. 8):
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Fig. 8: Surgical protocol with drilling sequence for (a) 2 mm, (b) 4 mm, and (c) 6 mm sleeve
to bone distance (sleeve height).
The sleeve dimensions for the surgical guide for partially-guided implant placement was
2.2x6 mm, corresponding to the diameter of the pilot drill. The sleeve to bone distance
was for this guide 2 mm. The static guide for in the partially-guided group was only used
for the pilot drill. The remaining drilling sequence was performed free hand.
No guide was used in the free hand group. The full surgical drilling sequence was
performed free hand.
The sequential drilling of all osteotomies was performed according to manufacturer's
recommendations. 4.1 × 10mm bone level implants (Straumann Ag, Basel, Switzerland)
were placed using a handpiece and finished by torque wrench if needed (Fig.9).
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a)

b)

c)

d)

e)

f)

Fig. 9: Mandible replica with surgical guide in situ. Static computer-assisted implant
surgery simulated at site #30. a) pilot drill placed through the guide with Ø2.2 mm drill
handle b) twist drill Ø2.8mm placed through Ø2.8mm drill handle c) twist drill Ø3.5mm
placed through Ø3.5mm drill handle d) Guided profile drill placed through C handle e)
Guided tap placed through the guide f) Ø4.1 x 10mm implant placed with help of guide.
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Treatment Evaluation
After implant placement, scan bodies were hand tightened on to the implants. The
achieved implant position was digitized using a lab scanner (3 Shape D2000 v.17.3.0, with
an accuracy of 8ym) and compared with the planned position. Standard tessellation
language (STL) files were imported into coDiagnostiX software containing the previous
digital plan. Pre-planned to post-surgical implant positions were compared. Virtually
planned and postoperative implant STL files were superimposed using the same
occlusal/incisal surfaces of teeth as a reference. Angular and 3D deviation at implant crest
and implant apex were measured. Trueness (planned vs. actual position) and precision
(difference among implants) were determined.
The 3D deviation at the crest and apex of the implant (as root mean square between
virtual pre-operative planning and post-operative STL-file) was defined as primary
outcome parameter. Virtually planned (reference) and postoperative implant STL files
were superimposed and compared. The deviations in buccal-lingual, mesial-distal, and
coronal-apical direction at the crest and the apex were evaluated. The angular deviations
and the 3D deviations were measured at crest and apex. (Fig. 10)
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a.

b.

c.

Fig. 10: a. STL files of planned and actual position was merged after the implants were
scanned under a lab scanner b. 3D deviation measurement evaluated c. Examples of two
overlapped implants.

Statistical Analysis

All data of the treatment evaluation were recorded in a spreadsheet (Excel for Mac
V16.22, Microsoft). All statistical computations were done in IBM SPSS Statistics 25.
An a-priori sample size calculation suggested n=20 samples per group (N=60) per
experiment with p value ≤ 0.05 with effect size being 0.42 provided 80% power for using
ANOVA. Statistical analyses were performed to compare the means of planned vs actual
position based on 3D deviation in buccal-lingual, mesial-distal, and coronal-apical
direction at the crest and the apex. Statistical analysis was also done to do multiple
comparisons among all the implants. The outcome measures such as (1) the differences
(as 3D-offsets) between the planned and actual implant position (trueness) and the
differences (3D-offsets) among implants (precision) at different sleeve heights, (2)
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precision as discrepancies of implants among one another, (3) the trueness (difference
between planned and actual implant position) of the 3D-offsets between three groups;
fully guided, partially guided and free hand, and (4) the precision for the angular
deviation and the mesio-distal, buccal – lingual and apical deviation at the crest and
apex between three groups; fully guided, partially guided and free hand and were
described as mean, standard deviation and 95% confidence interval for the mean.
One-Way ANOVA is to find if there are differences in the mean for three groups and
Scheffe' test is to carry out pairwise comparison to find out which of the mean from
three groups is higher or lower compared to other.
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CHAPTER 4

RESULTS

Part 1: The positions of the placed implants (actual values) were compared with the
planned implant position (reference value). The mean 3D deviation at the crest was for
the H2-group 0.22 ± 0.07 mm, while it was for H4 0.45 ± 0.16 mm, and for H6 0.43 ±
0.15 mm, respectively (Fig. 11). The 3D deviation at the crest was for H4 and H6
significantly higher (p<0.05) than for H2. The H2 group showed the lowest deviation
from the planned position and had therefore the highest trueness (accuracy).

Fig 11: Box plot showing median, quartile and extreme values of 3D Deviation at Crest in
mm between Fully Guided H2, H4, H6.
The 3D deviation at the apex showed a similar pattern, with the lowest deviation for the
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H2-group with 0.38 ± 0.13 mm, which was significantly different (p<0.05) than for H4 0.61
± 0.18 mm, and for H6 0.69 ± 0.19 mm (Fig. 12).

Fig 12: Box plot showing median, quartile and extreme values of 3D Deviation at Apex in
mm between Fully Guided H2, H4, H6
The remaining data for the deviation of the angle (in degree) as well as the mesial-distal,
buccal-lingual, and the coronal-apical deviation at crest and apex are listed in Table 1.
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Table 1: Trueness (difference between planned and actual implant position) of implant
position as angle (in degree) as well as base and tip position (in mm) as discrepancy
between planned and actual position for fully-guided surgery using different sleeve
heights (n=20 implants in each group).

There was not statistical difference between all three groups (H2, H4, H6) for the average
deviation of the angle (tested with ANOVA). However, there were significant differences for
the mesial-distal, buccal-lingual, and the coronal-apical deviation at crest and apex between
the groups (Scheffe’s post-hoc comparison). The H2-group showed here again the lowest
values, significantly lower than the H4- and H6-group (p<0.05).
Differences between the H4-group and the H6-group were found for the coronal-apical
deviation at the crest and the apex, as well as for the buccal-lingual deviation at the apex
(p<0.05). The rank order for accuracy/trueness with the highest degree of trueness (actual
values were closest to reference value) was therefore: H2 was more accurate/truer than H4,
and H4 was more accurate/truer than H6.
Precision describes the degree of distribution of the actual values, with a higher degree
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of precision when actual values are close to each other. Table 2 shows the results for
precision for fully guided surgery and the influence of the sleeve height. In general, the
implants in the H2 demonstrated the highest degree of precision in comparison to the
implants of the H4- and H6-groups. However, there was no statistical difference with
respect to precision detectable between a sleeve to bone distance of 4 mm (H4) or 6
mm (H6), respectively (p>0.05).
Since a sleeve to bone distance of 2 mm (H2) showed the highest accuracy/trueness and
precision for the fully guided approach of static-computer assisted implant surgery, this
group was selected for subsequent comparison with partially-guided or free hand
implant placement in the second part of the analysis.

Table 2: Precision as discrepancies of implants among one another. Implant position as
angle (in degree) as well as base and tip position (in mm) for fully-guided surgery using
different sleeve heights. N=191 values were included in each group in the analysis.

Part 2: Analog to the previous analysis, in the second part of this study, the positions of
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the fully-guided, partially-guided, or free-hand placed implants (actual values) were
compared with the planned implant position (reference value). The greatest deviation
from the reference value was detected when implants were placed free hand. The 3D
deviation at the crest was in this group 0.80 ± 0.35 mm and at the apex 1.53 ± 0.74 mm.
Significant different from these findings were the 3D deviations from the reference
value, when the implant was placed using a static surgical guide, either partially guided
or fully guided (p<0.05 significant difference to free hand placement). The partiallyguided placed implants showed a 3D deviation at the crest of 0.69 ± 0.15 mm and at the
apex of 1.13 ± 0.36 mm, respectively. Fully-guided placement achieved in comparison to
partially-guided or free hand surgery the lowest deviation from the reference value
(highest precision) with 0.22 ± 0.07 mm 3D deviation at the crest and 0.38 ±0.13 3D
deviation at the apex (p<0.05 in comparison to free hand and partially-guided).
The box-plot diagrams in figure 13 and 14 illustrate the deviation in each group from the
reference value. The reference value is set as “0”. The closer the actual values to the zero
line, the higher is the accuracy/trueness of the respective method.
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Fig 13: Box plot showing median, quartile and extreme values of 3D Deviation at Crest in
mm between free hand, partially guided and fully guided placed implants

Fig 14: Box plot showing median, quartile and extreme values of 3D Deviation at Apex in
mm between free hand, partially guided and fully guided placed implants

The lowest deviation from the reference value for all analyzed parameter were achieved
with static computer-assisted surgery with a fully guided approach (table 3). The
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deviation of the angle as well as the mesial-distal, and the buccal-lingual deviation at
crest and apex were significantly lower in the fully guided group in comparison to
partially-guided or free-hand group (p<0.05). The free-hand approach resulted in the
highest deviation from the reference values, with significant difference to both other
groups (p<0.05), except for the coronal-apical deviation, which correlates with the
implant depth.
Therefore, the highest accuracy/trueness was found in the fully-guided group, with lower
accuracy/trueness for partially-guided, followed by the free-hand placed implants.
The same rank order (fully-guided < partially-guided < free-hand surgery) can be found
when the distance among the implants is compared between the groups (table 4 present
all values for precision). The lowest values were found when the implants were placed
following the fully-guided protocol, with significantly differences for the angle (p<0.05).
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Table 3: The difference between planned and actual implant position as
trueness/accuracy between fully guided, partially guided and free hand placed implants.
Angle is presented in degree, while all other values are in mm (n=20 implants in each
group).
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Table 4: The average distance among implants placed following a fully guided, partially
guided or free hand approach as an expression of precision. Angle is presented in
degree, while all other values are in mm. N=191 values were included in each group
in the analysis.
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CHAPTER V

DISCUSSION

This in vitro study compared computer-assisted guided implant surgery using a
fully-guided approach with partially-guided and free-hand implant placement.
The hypothesis that fully-guided implant placement is more accurate (trueness
and precision) than partially-guided or free-hand implant placement was
confirmed. Further, it was determined that the closer the sleeve of the surgical
guide is to the bone level, the higher is the accuracy of the method.
A correct, prosthetically driven, 3D positioning of the implant fixture is believed
to play a crucial role for a successful treatment outcome of implant-supported
prostheses. In addition, a recent study on risk assessment for peri- implantitis
showed that nearly half of the peri-implantitis cases had been surgically triggered
by implant malpositioning (Canullo et al. 2016).
Static computer-assisted implant surgeries (sCAIS) using virtual treatment
planning software gives the ability to visualize, manipulate and refine implant
positions pre-surgically avoiding any implants to be placed inaccurately (Kholy et
al. 2018).
The present in-vitro study assessed precision and trueness of static computerassisted implant surgery (sCAIS) in comparison with partially guided and freehand implant placement. The study also investigates the direct influence of the
distance between the sleeve and the crest of the bone on the accuracy of sCAIS.
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The use of stereolithographic guides for the sCAIS is designed to provide greater
control and eliminate the surgical and prosthetic risks involved with standard
implant surgery. However, the risk for deviation remains substantial.
Accuracy is defined as matching the position of the planned implant in the
software with the actual position of the implant in the mouth of the patient.
The results of this study demonstrated that all the sleeve heights H2, H4 and H6
deliver predictable results. The differences (as 3D-deviations) between the
planned and actual implant position (trueness) were at the implant base 0.22 ±
0.07 mm (H2), 0.45 ± 0.15 mm (H4), and 0.44 ± 0.15 mm (H6). The values for the
sleeve heights of H4 and H6 were statistically different from H2 (p < 0.05). This
has clinical significance demonstrating that closer the sleeve to the bone the
higher is the accuracy and precision. The results of present study are in
accordance with the work of (Kholy and co-workers 2018). They also reported
that the higher the drilling distance, the greater is the angular deviation. Based on
the engineering principles, there is more lateral vibration and chattering if there
is increase in drilling length. Our results are also in accordance with (Schneider et
al. 2015) stating that the lateral movements of the drills can be significantly
minimized by the use of 3-D printing with reduced drill distance from the apical
portion of the sleeve to the crest of the bone.

Precision is defined as the degree to which repeated measurements under
unchanged conditions show the same results. In this study, the mean of angular
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deviation at H2, H4 and H6 is 0.61 ± 0.46 degree, 0.81 ± 0.57 degree and 0.74 ±
0.60 degree respectively, indicating that there was less deviation among implants
in H2 group compared to H4 and H6. That means that implants with a sleeve
height of 2mm (H2) were placed more precisely than the implants with a surgical
guide and sleeve heights of 4mm (H4) and 6mm (H6). These results are similar to
Sarment et al. (2003) who placed 50 implants into five epoxy edentulous
mandibles. Each epoxy mandible received five implants on each side. On the right
side, five implants were placed using a conventional surgical guide (control side),
whereas five implants were placed on the left side using an SLA surgical guide
(test side). They found a statistically significant improvement in all measurements
when SLA surgical guides were used compared to conventional guides and
suggested that the clinical significance of this result may be relevant when
multiple parallel distant implants are placed.
The present study also evaluated the trueness and precision of fully guided,
partially guided and free hand implant placement. Fully guided surgery is based
on a surgical guide, which will assist the clinician in every step of the surgery
starting from the first drill to the implant placement through the use of guiding
sleeves in the guide. Partially guided surgery makes use of a surgical guide for the
initial drill (i.e. pilot-drill) with or without a drill stop through an integrated
guiding sleeve.
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According to Choi et al. (2004) during implant procedure, 1-degree angle
deviation translates to 0.34 mm length deviation in the 10-mm fixture apical area.
5-degree angle deviation translates to 1.7 mm length deviation. If the space
between implant and tooth root were set to 1.5 mm during implant planning, a 5degree angle error will impair the adjacent tooth root. Thus, the angle deviation
should not exceed 3 degrees in order that the implant is installed safely without
the tooth damaged. In the present study, the angular deviation for free hand was
4.86 ± 2.10 degree, for partial guided was 2.85± 1.47 degree and for fully guided
it was 1.35 ± 0.52 degree indicating that the angular deviation was more than the
suggested 3-degree threshold for free hand and partially guided groups.
The mean deviations in the mesio-distal, bucco-lingual and apico-coronal
directions in the present investigation are indicating that the deviations are
higher when it comes to free hand and partially guided compared to fully guided
which shows minimal deviations leading us to say that fully guided is more
accurate than partially guided and free hand implant placement. Our results are
in agreement with Naziri et al. (2013) who stated that fully guided steps of the
drilling protocol with special drills and probably a depth stop, have an advantage
with regard to accuracy over systems with only partially guided drilling steps,
demonstrating accurate and predictable implant placement when using
laboratory-fabricated surgical guides based on computed tomography.
Van Assche N et al. (2007) revealed in a systemic review an overall mean deviation
at entry, at the apex and angular deviation were 0.73 mm (SD = 0.16mm; range
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0.42–1.04mm), 0.98 mm (SD = 0.20mm; range 0.58–1.38mm) and 3.08 degree (SD
= 0.37 degree; range 2.35–3.82 degree), respectively. This review included 19
articles, which confirmed the higher accuracy of guided surgery.
Tahmaseb et al. (2009) reported in a meta-analysis the following: mean deviation
at entry (crest) was 0.21 mm (SD = 0.19mm; max 0.6mm), at apex was 0.28 mm
(SD = 0.2mm; max 0.77mm) and angular deviation amounted to 1.49 degree (SD =
1.1 degree; max 4.53 degree).
The results of this study demonstrate huge disparities between the three
treatment groups in terms of the primary outcome of the study (3D deviation)
which is in accordance with the study done by Younes et al. (2018). In their study
fully guided implant placement was most accurate with the negligible deviation
from the virtual planning, pointing to a mean of about 1 mm with a maximum of
nearly 2 mm. Partially guided implant placement had medium accuracy with a
mean and maximum deviation from the virtual planning of nearly 1.5 mm and 3
mm, respectively. Free hand implant placement was least accurate with a mean
and maximum deviation from the virtual planning pointing to 2 mm and nearly 5
mm, respectively. Even if the fully guided implant placement revealed higher
accuracy, the use of a pilot-drill guide may not be completely ruled out. As per
the data, a partial guide can give higher accuracy as opposed to free-handed
surgery in mesio-distal, bucco-lingual and apico-coronal aspects. As a result,
partial guides can be particularly used when fully guided implant placement is not
possible.
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Ersoy (2008) in his reliability study placed ninety-four implants using
stereolithographic (SLA) surgical guides generated from computed tomography
(CT). Compared to the planned implants, the placed implants showed angular
deviation of 4.9 ± 2.3 degree, whereas the mean linear deviation was 1.22 ± 0.85
mm at the implant neck and 1.51 ± 1.00 mm at the implant apex. Compared to
the implant planning, the angular deviation and linear deviation at the neck and
apex of the placed maxillary implants were 5.31 ± 0.36 degree, 1.04 ±0.56 mm,
and 1.57 ±0.97 mm, respectively, whereas corresponding figures for placed
mandibular implants were 4.44 ± 0.31 degree, 1.42 ±1.05 mm, and 1.44 ± 1.03
mm, respectively suggesting that SLA surgical guides using CT data may be
reliable in implant placement and make flapless implant placement possible.

Di Giacomo et al. (2005) placed 21 implants in four subjects using six SLA surgical
guides. Radiographic data were obtained by CT, and surgical guides were
fabricated. They measured the deviation between implant planning and surgery
in four subjects. On average, the match between the planned and placed implant
axes was within 7.25 ± 2.67 degree. The differences in distance between planned
and placed positions were 1.45 ± 1.42 mm at the implant shoulder and 2.99 ±
1.77 mm at the implant apex. They also reported large angular deviations of 10°
and 12.2° and linear deviations at the apex of 2.6 and 3 mm in one subject due to
improper fit of the surgical guide; the distal portion of a tooth hindered the
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complete seating of the surgical guide. This suggests that the results of this in
vitro studies should be confirmed in vivo.
Nickenig (2007) assessed the clinical reliability of the planning software that
allows transfer of virtual planning data to a surgical template that is stabilized on
the residual teeth, or anchor pins in edentulous cases. 102 patients who had
undergone implant treatment therapy in an armed forces dental clinic (Cologne,
Germany) were treated with a system that allows transfer of virtual planning to
surgical guide templates. This study suggested that 3-D planned template as a
drill guide during surgery is a reliable technique for implant placement. Because
of the high agreement between the preoperative plan and intraoperative
findings, image-guided navigation or 3-D planned templates may also be reliable
for flapless surgery.
Sarment (2003) compared the accuracy of a conventional surgical guide to a
stereolithographic surgical guide. Using five epoxy edentulous mandibles the
scannographic templates were made. The average distance between the planned
implant and the actual osteotomy was 1.5 mm at the entrance and 2.1 mm at the
apex for the control guide whereas the same measurements were significantly
reduced to 0.9 mm and 1.0 mm for the test guide, concluding that implant
placement is more accurate with stereolithographic guides.
Vercruyssen et al. (2014) discussed the accuracy and efficacy of guided surgery.
They defined accuracy of guided implant placement as matching the position of
the planned implant in the software with the actual position of the implant in the
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mouth of the patient and efficacy of guided implant placement by comparing the
implant survival and success rate following guided placement with that following
conventional implant placement. Their review also mentioned possible sources of
error with guided implant surgery like radiographic technique, patient’s
movement, position of scan prosthesis, surgical guide production, Positioning and
stabilization of the surgical template, tolerance of the drills, mucosal thickness,
learning curve, jaw position, and the used computer-assisted implant system.

Younes et al. (2018) compared the accuracy of free-handed (FH), pilot-drill guided
(PG) and fully guided (FG) implant surgery. N=11 patients were treated by FH
surgery, n=11 by PG surgery and n=10 by FG surgery. FG surgery was most
accurate (mean AGD: 0.97 mm; maximum AGD: 1.98 mm) followed by PG surgery
(mean AGD: 1.43 mm; maximum AGD: 2.72 mm). FH surgery resulted in huge
deviation from the ideal position (mean AGD: 2.11 mm; maximum AGD:
4.84 mm). Although screw-retained restorations were planned for all implants,
five of 26 in the FH group and one of 24 in the PG group had to be restored by
means of a cement-retained restoration. They suggested that fully-guided implant
surgery should be considered the gold standard approach for accurate implant
placement. This is in agreement with the finding of this in vitro analysis.

Park et al. (2009) compared the accuracy of posterior implant placement using
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three surgical guides with varying occluso-gingival heights, and evaluated the
difference in accuracy of implant placement through these guides as compared to
freehand placement. Three groups of surgical guides were fabricated with
occluso-gingival heights of 4, 6, and 8 mm, respectively. Ninety implants were
placed in the mandibular first molar site on a manikin. Thirty implants were
placed for each group, with n=15 through the guide and n=15 freehand. Guides
with 4-mm occluso-gingival height allowed a placement that was more accurate
than the placement with guides with 8-mm height. Placement through the guide
reproduced the target position more accurately than freehand insertion.
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CHAPTER 6

CONCLUSIONS

•

Static computer-assisted implant surgery (fully guided approach) is more accurate
and precise than partially guided and free hand implant placement.

•

Sleeve heights of 2 mm or 4 mm should be preferred. The close to the bone the
more accurate and precise.

•

Partially guided implant surgery was significantly better than free hand
placement.

•

Free hand was not precise and not accurate.
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